Random amplified polymorphic DNA (RAPD) markers have been used for many types of genetic analyses, including genome mapping, genotype fingerprinting, phylogeny reconstruction, and measuring genetic similarities. They suffer from one potential limitation, however, because the PCR that is used to produce informative amplification products often produces artifactual products as well. Optimization of PCR protocols to eliminate artifactual bands completely is often too costly or too timeconsuming to be practical. Other methods for handling RAPD artifacts, such as deleting inconsistent or faint bands or using only those bands that are reproducible, introduce false negatives into the data. Simply ignoring artifacts and using all bands introduces false positives. When RAPD data are used to compute genetic similarity coefficients, such artifacts can cause significant bias in the estimation. The three coefficients most widely used with RAPD data, the simple matching coefficient, Jaccard's coefficient and Nei and Li's coefficient, differ in the amount of bias produced by a given level of artifactual bands. The simple matching coefficient and Nei and Li's coefficient always exhibit less percent bias than Jaccard's coefficient. For closely related organisms, Nei and Li's coefficient displays less percent bias than the simple matching coefficient. If new DNA samples possessing RAPD markers not present in the previously analyzed samples are added to a study, values of the simple matching coefficient will need to be computed for all samples, not just the new ones. Jaccard's and Nei and Li's coefficients, however, will not need to be recomputed. Furthermore, only Nei and Li's coefficient has a direct biological meaning (it is an estimate of the expected proportion of amplified fragments shared by two samples hecause they were inherited from a common ancestor). On the basis of these results, Nei and Li's coefficient is recommended for routine computation of genetic similarities using RAPD data, particularly if PCR artifacts are present.
Random amplified polymorphic DNA (RAPD) markers ~ are well-established genetic tools. They have been used for genomic mapping and linkage analysis, ~3-6~ phylogeny reconstruction, ~7' 8~ genotype fingerprinting and identification, ~9-~4~ and determining genetic relationships, similarities, and genetic variation. (ls--17) RAPD bands are produced by PCR, using a single random primer that amplifies segments of DNA flanked by two primer-binding regions that theoretically are exactly complementary to the primer. The primer-binding sites must be close enough that amplification proceeds over the entire DNA segment spanning them. Because of base pair mismatch, though, a single base change in the genomic DNA can prevent amplification. ~2~ Most often, polymorphisms between different DNA samples occur when a segment that is amplified in a sample whose primer-binding site is exactly complementary to the primer is not amplified in another sample whose priming site is not an exact complement to the primer/2'18~ Polymorphisms may also result from deletions within a priming site, insertions that separate priming sites by too great a distance to support amplification, or insertions that change the size of the DNA segment without affecting amplification/2~ Segments that can be amplified in one genetic background but not in another, ~19~ polymerase slippage during replication, nontemplate-directed addition of nucleotides by Taq polymerase, or the amplification of in vitro recombinants (2~ also result in the production of polymorphisms. Even changes in PCR parameters, such as primer/template ratios, annealing temperature, and Mg 2+ concentration ~2~ can cause polymorphisms, because bands appear or disappear when amplification conditions are altered. DNA concentration can have a strong effect if there is contaminating RNA that is mistakenly taken for DNA, ~2~ and DNA containing significant amounts of polysaccharides, phenolics, or other impurities can cause polymorphisms/22~ Thermocyclers themselves may be responsible for variability in RAPD banding patterns/2s~
Whatever their source, artifactual RAPD bands belong to one of two types: bands that appear in a lane but should not (false positives), or bands that do not appear in a lane but should (false negatives). This designation is arbitrary to a certain degree. For example, if the offspring of two known parents exhibits a RAPD band not shown in either parent, in the offspring the band could be a false positive while in the parents the lack of the band could be a false negative (barring mutation, crossing-over, etc., involving the amplified site). Consequently, in the absence of specific information about the DNA sequences that resulted in the amplified fragments, presence of bands in some samples and absence in others could represent either false positives or false negatives.
Workers using RAPDs are well aware of the possibility of artifactual bands and of their possible effects on subsequent analyses. (z2) In an effort to account for artifacts and to reduce their effects on analyses, a number of different approaches have been adopted. These include discarding faint or inconsistent bands, (4--6,8,1~ carrying out replicate runs and analyzing only those bands that were reproducible, (3'9) or using all bands and accepting a certain level of error. (7) Each of the methods of dealing with artifactual bands has its advantages and disadvantages. Discarding faint or inconsistent bands results in loss of information and increases the number of false negatives (bands that should have been present but were not, because they were discarded by the experimenter). Replicating runs and using only those bands that appear in all replicates is an improvement upon ignoring bands but requires at least double the number of amplification runs. Moreover, to be true replicates in the statistical sense requires that all possible sources of error be accounted for by the replicates. In practice this means that the entire procedure from DNA extraction, to amplification, to electrophoresis must be performed independently for each replicate. Use of all amplification products, whether faint or strong, consistent or not, does not result in any loss of informative data, and no additional false negatives are produced, but it does retain all false positives. None of these methods of handling artifactual bands completely solves the problem of artifactual bands.
This paper focuses on the use of RAPDs for the computation of genetic similarity coefficients when optimization of PCR protocols for eliminating artifacts is either not possible or not successful. Three different similarity measures are considered: (1) the simple matching coefficient, SMC; (7'24) (2) Jaccard's coefficient, j;(7,2~26) and (3) Nei and Li's coefficient, NL. ~176 These coefficients are examined in terms of the true value that they are designed to estimate using RAPD data containing no artifactual bands and in terms of the estimated value that they actually measure when artifactual bands (either false positives or false negatives or both) are present. Using those results, properties of and relationships among the coefficients are determined. The amount of bias (difference between the estimated value and the true value) in the estimated coefficients is examined for several levels of artifactual bands. On the basis of these results, a recommendation is made as to which coefficient is the best for routine use with RAPD data.
MATERIALS AND METHODS
The three similarity coefficients can be defined in terms of the sets of RAPD bands present in two amplified DNA samples, for example, sample i and sample j. SMC is the sum of the number of RAPD bands that are present in both samples plus the number of RAPD bands absent in both samples, divided by the total number of different possible bands in the study. J is the number of bands present in both samples, divided by the quantity the number of bands present in sample i plus the number of bands present in sample j minus the number of bands present in both samples. Finally, NL is the number of RAPD bands present in both samples, divided by the average number of bands present in sample i and sample i-Although these definitions can be and are used for computing the coefficients from raw data, they do not allow for convenient comparison between the coefficients. For that purpose, the following notation is needed.
In any study in which RAPD data will be used to compute pairwise similarities, there will be at least two and usually many different DNA samples for which similarities will be computed. Let n represent the number of different samples. Then, the set of bands of interest are those bands that are present in one or more of the n samples. To avoid excessive numbers of subscripts and to simplify the presentation, computation of genetic similarities using just two amplified DNA samples is considered. Because similarities are computed pairwise, the equations developed are completely general and can be applied to any pair of samples.
Any pair of samples (call them "sample i" and "sample j") will possess some of the same bands and lack some of the same bands. (A band not present in a particular pair of samples will be present, however, in at least one other sample under study.) Let the proportion of the total number of bands that are shared (either positive or negative) be s. Let p represent the proportion of the shared bands that are shared because both samples possess the same bands. These bands are referred to as the shared positive bands. In general, the value for p will be different for every pair of samples being compared. Then 1-p is the proportion of bands shared that both samples lack. These bands are referred to as the shared negative bands.
The proportion of bands that the samples do not share is 1-s. Because these bands are unshared, some of them will be present only in sample i; the rest will be present only in sample j. Let r be the proportion of unshared bands that are present in sample i. Then r also will represent the proportion of unshared bands that are absent in sample j. The proportion of unshared bands that are absent in sample i, then, will be 1 -r, and the proportion of unshared bands that are present in sample j is 1-r.
Finally, let fp be the probability that a band that should not be present in a sample is present as an artifact; fp is the probability of a false positive. Let fn be the probability that a band that should be present in a sample is absent because of experimental error; fn is the probability of a false negative. In discussing computed similarity coefficients, the term "true value" means that value of any of the three coefficients that would result if there were no false positives and no false negatives. "Estimated value" or "estimate" means the value that results when the coefficients are computed using data containing false positives or false negatives or both.
RESULTS AND DISCUSSION

The Three Coefficients in Terms of Numerical Values
Using the notation introduced above, it is possible to write equations for the true values of each of the three coefficients as well as the equations for what the three coefficients actually estimate when false positives and false negatives are present.
The simple matching coefficient is the sum of the proportion of shared positive bands plus the proportion of shared negative bands. The true value for the simple matching coefficient is given by
Jaccard's coefficient considers only the proportion of positive bands shared by both samples and divides that by the proportion of positive bands in both samples plus the proportion of bands in sample i but not also in sample j plus the proportion of bands in sample j but not also in sample i. The true value for Jaccard's coefficient is
Nei and Li's coefficient is the only one of the three that has a straightforward biological interpretation. It measures the proportion of fragments that two samples share because they have been inherited from a common ancestor. The coefficient was originally derived for restriction fragment data, ~zT) but the formula applies equally well to amplified fragments. It is computed as the proportion of positive bands shared by both samples, divided by the average of the proportion of bands present in sample i and sample j. The true value for Nei and Li's coefficient can be written as
Note that the parameter r does not appear in any of these equations. Thus, it does not matter which of the unshared bands belong to which sample; all that matters is that they are unshared.
Using the above equations, it can be shown that for a specific pair of samples the following relationships hold among the three coefficients.
SMC>I Jfors
Furthermore, SMC, J, and NL are monotonic with respect to one another, that is, if the data change in a way that increases the value of one of the coefficients, it will increase the value of all of them. Similarly if one of the coefficients decreases in value, all of them will. From the definition of the coefficients, it can be shown that if additional DNA samples are added to a study after similarities have already been computed for the earlier samples, and one or more of the new DNA samples possess bands that were not possessed by any of the samples analyzed previously, values of SMC need to be computed (or recomputed) for all samples, not just for the new samples, because the value of SMC for each pair of samples depends on the total number of bands that could possibly be present in a sample. Values of J and NL, on the other hand, do not need to be recomputed for samples studied previously, as these coefficients depend only on the positive bands in the two samples being compared, not on bands that are present in other samples. For this reason, in a study where data are accumulated for different samples over a long period of time and the similarity coefficients are computed as data are collected, ] and NL have some advantage over SMC.
Quantities Estimated by the Coefficients When False-positive and False-negative Bands are Present
The true values of the coefficients in terms of the parameters s and p are shown in equations 1, 2, and 3. Now it can be asked, When the three coefficients are computed according to these equations and false positives or false negatives or both are present in the data, what will the quantities computed actually be measuring? In general, of course, the values estimated will differ from the true values of the coefficients. The expected difference between the estimated value and the true value is called the bias. If the bias is positive, it indicates that the estimate is larger than the true value, and if the bias is negative, it indicates that the estimate is smaller than the true value.
To prepare explicit formulae for what is being computed using equations 1, 2, and 3 when there are artifactual bands, two intermediate quantities need to be determined. The first of these is the proportion of positive bands that are shared by the two samples when false positives and false negatives are present. Let this value be indicated by the symbol SP (for shared positive bands).
The terms on the right-hand side of the equal sign in this equation were obtained as follows. The left-most term is the proportion of bands truly shared by both samples, neither of which became false negatives (caused by experimental error). The middle term is the proportion of bands truly not possessed by either sample, both of which became false positives (because of experimental error). The right-most term is the proportion of bands, one of which is truly a positive band that did not become a false negative and the other of which is truly a negative band that did become a false positive. The second quantity needed is the proportion of shared negative bands, indicated by SN, and it is computed as 
Note that the parameter r does not appear in equation 10, 11, or 12, just as it did not appear in 1, 2, or 3. An examination of the equations shows that depending on the values of s, p, fp, and fn, the estimates may be either greater than (positive bias) or less than (negative bias) the true values. For any of the three coefficients, given values for s, p, fp, and fn, one can compute the bias by subtracting the true value from the expected value of the estimate. If s<0.5 the percent bias is positive for all values of false positives and false negatives examined; if s>0.5, the percent bias is negative. It is worth considering why this is the case taking the SMC as an example. If s<0.5, then more than onehalf of the possible bands are present in one sample and absent in the other. If there are false positives, then the proportion of matching negative bands that are made nonmatching (as one is a false positive) are less than the proportion of nonmatching bands that are made matching because a previously negative band was made positive (and so matches its positive counterpart). If there are false negatives, then again because over one half of the possible bands did not match, the previously positive bands that are false negatives now match their negative counterparts. There is a greater proportion of these than there is of positive matches that are broken up. A similar line of argument explains why the bias is always negative if s>0.5. If s=0.5, the bias is sometimes positive and sometimes negative, depending on the values of the other parameters. For studies in which some level of bias can be tolerated, it can be asked which coefficient shows an acceptable level of bias, for example, less than + 10%? For the values of the parameters considered here, SMC and NL show <10% bias 58.5% of the time, whereas J exhibits <10% bias 46.7% of the time. Furthermore, the percent bias displayed was less than +5% 41.5% of the time for SMC and NL and 33.3% of the time for J.
Bias in the Computed Values of the Coefficients
pected, there is no bias if there are no false positives and no false negatives. In addition, all three coefficients exhibit no bias if s = 0.5, and fp = fn" The percent bias for SMC and NL is always less than or equal to the percent bias for J, for all values of the parameters tested. The percent bias is smaller for SMC than it is for NL ifp<0.5, is equal to the percent bias for NL if p= 0.5, and is greater than the percent bias for NL if p>0.5. A specific level of false negatives causes greater percent bias than the same level of false positives for all three coefficients if p<0.5
CONCLUSIONS
On the basis of these results, some recommendations can be made as to which coefficient should be used for assessing genetic similarity using RAPD data. First, if one is conducting a long-term study, in which similarities need to be computed as sample data arrive over a period of time, either the J or NL coefficient is preferable to SMC, as SMC needs to be recomputed for all samples whenever a new RAPD band is added to the study. With J and NL, only the similarities involving the new samples need to be computed.
The NL coefficient is the only one of the three that has a biological meaning. It is an estimate of the expected proportion of shared amplified fragments. (27) The other two coefficients, although containing information on the similarity between samples, are related to biologically meaningful quantities only in unspecified ways.
The NL coefficient has yet another advantage. Because in closely related organisms (the kinds most often used in RAPD studies) most of the similarity between RAPD samples is caused by shared positive bands (p>0.5), NL is preferred over SMC, because NL displays less percent bias than either SMC or J in these circumstances.
Considering all of these factors, it is recommended that the NL coefficient be used routinely for measuring similarities using RAPD data, unless specific circumstances or needs dictate the use of one of the other two coefficients. If one of the other two must be used, and recomputation of similarities with the arrival of new samples is not a consideration, SMC should be used rather than J, as it exhibits less percent bias. If recomputation is not feasible, then J should be used.
If estimates of the percent of falsepositive and false-negative bands in the RAPD data are available (such as would be the case in theoretical studies or when replicate runs have been made), the equations developed here (1-3 and 10-12) can be used to determine the actual bias by subtracting the true value from 0. i00 O. i00 0.i00 0 i00 0 i00 0 i00 0 i00 0 I00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 i00 0 300 0 300 0. (SMC) Simple matching coefficient; (]) Jaccard's coefficient; (NL) Nei and Li's coefficient. (s) Total similarity; (p) proportion of similarity due to shared positive RAPD bands; (fp) probability of false positives; (fn) probability of false negatives.
the estimated value. Once the bias is known, it can be used to determine whether the RAPD protocol has been optimized sufficiently to provide accurate enough estimates of the similarities.
With certain DNA samples, however, adequate optimization may not be possible. All is not lost, though, in these cases. A companion paper (~~ will discuss correcting for the bias in genetic similarity coefficients when estimates of the proportions of false positives and false negatives are available from replicate observations.
